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Abstract:

Global climate change and diverse human activities have resulted in distinct temporal–spatial variability of watershed
hydrological regimes, especially in water-limited areas. This study presented a comprehensive investigation of streamflow and
sediment load changes on multi-temporal scales (annual, flood season, monthly and daily scales) during 1952–2011 in the Yanhe
watershed, Loess Plateau. The results indicated that the decreasing trend of precipitation and increasing trend of potential
evapotranspiration and aridity index were not significant. Significant decreasing trends (p< 0.01) were detected for both the
annual and flood season streamflow, sediment load, sediment concentration and sediment coefficient. The runoff coefficient
exhibited a significantly negative trend (p< 0.01) on the flood season scale, whereas the decreasing trend on the annual scale was
not significant. The streamflow and sediment load during July–August contributed 46.7% and 86.2% to the annual total,
respectively. The maximum daily streamflow and sediment load had the median occurrence date of July 31, and they accounted
for 9.7% and 29.2% of the annual total, respectively. All of these monthly and daily hydrological characteristics exhibited
remarkable decreasing trends (p< 0.01). However, the contribution of the maximum daily streamflow to the annual total
progressively decreased (�0.07%year�1), while that of maximum daily sediment load increased over the last 60 years (0.08%
year�1). The transfer of sloping cropland for afforestation and construction of check-dams represented the dominant causes of
streamflow and sediment load reductions, which also made the sediment grain finer. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

The integrated consequences of climate change and
diverse human activities have led to the considerable
global alterations of fluvial hydrological regimes during
recent decades (Milly et al., 2005; Cohen et al., 2014).
Apparent decreasing and increasing trends in streamflow
and sediment load have been reported in many basins
around the world (Walling and Fang, 2003; Milly et al.,
2005). To effectively utilize water resources and
reasonably manage river flows, it is essential to
investigate the historical changes of runoff and sediment
load on different temporal and spatial scales, and to
examine the reasons for the significant changes.
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On the global scale, Milliman et al. (2008) found that
approximately one-third of 137 world-representative rivers
exhibited more than a 30% change in annual discharge, and
they identified the climatic and anthropogenic factors
affecting river discharge in the three distinct river types, i.e.
normal, deficit and excess. Walling and Fang (2003)
reported that nearly 50% of 145major global rivers showed
significant increasing or decreasing trends in sediment
load. Land clearance for agriculture and other facts of land
surface disturbances were the key drivers of increased
sediment loads, and the trapping of sediment by dams
represented the dominant cause of reduced loads (Walling
and Fang, 2003). Moreover, Xu et al. (2010) investigated
the temporal trend of annual precipitation and runoff in five
major Chinese rivers during 1951–2000 and indicated the
significantly different hydrological regime changes and
human activity roles in northern and southern rivers. Chu
et al. (2009) estimated that dams and reservoirs, soil and
water conservation, water consumption and in-channel
sand mining accounted for 56%, 23%, 15% and 6% of the
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total sediment reduction by human activities for nine major
Chinese rivers during 1959–2007, respectively. Changes
in streamflow and sediment load have intensified stresses
on natural and human-management ecosystems, especially
for regions with limited water resources, e.g. the Loess
Plateau in China.
The Loess Plateau regionwith a total area of 0.64million

km2 is located in the middle reaches of the Yellow River
basin (MRYRB) in Northern China. This region experi-
ences arid and semi-arid climate conditions. Moreover, the
Loess Plateau region is one of the most severely eroded
areas in the world because of highly erodible loessial soil,
steep topography, frequent heavy rainfall in summer
months, and sparse vegetation stemming from intensive
cultivation and improper land uses (Zhang et al., 2008).
The high rates of soil erosion and sediment transport have
not only aggravated the local fragile ecological environ-
ment but have also negative off-site effects (Rustomji et al.,
2008; Peng et al., 2010). Large amounts of sediment
deposited in the lower reaches of the Yellow River have
aggraded the riverbed by 8–10m above the surrounding
floodplain, which poses a major flood hazard to local
communities (Peng et al., 2010).
To control the severe soil erosion in the Loess Plateau,

several soil conservation measures have been implemented
since the 1950s. These measures consist of afforestation,
pasture reestablishment, terrace building and check-dam
constructing (Ran et al., 2000, 2012). A recent large
reforestation campaign, the Grain-for-Green (GFG) pro-
ject, was implemented at the end of the 1990s, aiming to
convert steep croplands to forest and pasture lands (Feng
et al., 2012). Meanwhile, the Loess Plateau region has been
experiencing a climatic warming and drying trend since the
1950s. Previous work has shown that the region-averaged
annual mean temperature has significantly increased over
the last 50 years during 1961–2010 (0.04 °C year�1),
whereas the region-averaged annual precipitation has
exhibited a non-significant negative trend (�0.58mmyear�1)
(Wang et al., 2012). The average annual reference evapo-
transpiration has increased significantly by 1.31mmyear�1

as a result of the downward trend in relative humidity and
upward trend in temperature on the Loess Plateau during
1961–2009 (Li et al., 2012).
The extensive land-use and land-cover changes caused

by the soil and water conservation measures and direct
human activities, such as reservoir construction, irrigation
and water abstraction, combined with climate variability,
have dramatically altered the hydrological regimes of
many watersheds in the Loess Plateau (Wang et al., 2013;
Gao et al., 2013). Significant negative trends of �0.13 to
�1.58mmyear�1 in annual streamflow were detected
during 1950s–2000 in 11 catchments within the central
region of the Loess Plateau, and the land-use and land-
cover changes accounted for more than 50% of the
Copyright © 2015 John Wiley & Sons, Ltd.
reduction in the mean annual streamflow in 8 out of the
11 studied catchments (Zhang et al., 2008). All the 11
catchments in Zhang et al. (2008) experienced significant
reduction in annual sediment yield from �0.03×103 to
�0.42×103 t km�2 years�1, and soil conservation prac-
tices typically accounted for ~75% of the observed
reductions (Rustomji et al., 2008). Furthermore, the
components of runoff (surface runoff and baseflow),
streamflow regime and the dynamic relationship between
streamflow and sediment load in the catchments of the
Loess Plateau also exhibited evident changes (Dou et al.,
2009; Mu et al., 2007; Gao et al., 2012; Gao et al., 2014).
It is certain that the aforementioned studies have

provided substantial insight into the streamflow and
sediment load changes in the Loess Plateau. However,
most of the previous studies usually focused on the annual
streamflow and sediment load changes, while some studies
examined changes on flood season scale (Gao et al., 2013).
In reality, most of the runoff in the Loess Plateau is
generated during June–September, especially due to a few
intense rainstorms. During the past 50 years, more
precipitation over the Loess Plateau tended to occur only
during several extreme events, which produced an
increasing trend in precipitation erosivity (Wan et al.,
2014). A large proportion of total fluvial sediment loads
were commonly observed during relatively short-duration
floods when both the streamflow and sediment concentra-
tion are highest (Rustomji et al., 2008). For example,
approximately 50–99% of each year’s sediment load from
the Gushan and Weifen Rivers in the Coarse Sandy Hilly
Catchments region was typically transported within 5days
of reaching the maximum streamflow (Rustomji et al.,
2008). Therefore, the most critical examination should be
on monthly and extreme daily hydrological regime
variations during the flood season. Furthermore, the
primary variables considered in previous studies included
streamflow, sediment load, precipitation and temperature.
These variables may not fully reflect the observed runoff
and sediment changes or the effects of climate variability.
To overcome the aforementioned weaknesses, the

annual, flood season (June–September) and monthly
climatic (i.e. precipitation, temperature, relative humidity,
potential evapotranspiration and aridity index) and hydro-
logical (i.e. streamflow, sediment load, sediment concen-
tration, runoff coefficient and sediment coefficient) data
combined with extreme daily variables (i.e. maximum
daily discharge, sediment discharge and sediment concen-
tration for each year) during 1952–2011 were collected in a
typical hilly–gully watershed (Yanhe watershed) of the
Loess Plateau. The specific objectives were to (1) detect the
streamflow and sediment load changes in the Yanhe
watershed on multi-temporal scales and investigate the
relationships between the changes on different scales and
(2) determine the quantitative contributions and detailed
Hydrol. Process. 30, 365–382 (2016)
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effects of climate variability and human activities on
streamflow and sediment load changes.
STUDY AREA AND DATA

Study area

The Yanhe River with a length of 284.3 km is a first-
order tributary of the Yellow River. The Yanhe watershed
(108°38′–110°29′E, 36°21′–37°19′N) is located in the
central region of the Loess Plateau in northern Shaanxi
Province, China (Figure 1). The area of the watershed is
7725 km2. The landform is a typical loess hilly/gullied
landscape with elevations ranging from 495 to 1795m
above sea level, while the gully density ranges from 2.1 to
4.6 kmkm�2. The average slope of the region is 23.4°.
The most common soil in the watershed is loess, which is
an erosion-prone fine silt soil. The watershed has a typical
semiarid continental climate. The average annual precip-
itation (1952–2011) is ~500mma�1 with 70% of
precipitation falls from June to September. Moreover,
the average potential evapotranspiration is ~960mm a�1

for the same period and the average temperature is 9.7 °C.
Forestland, grassland and cropland are the three dominant
land use types in the study area.

Data sources

The monthly streamflow, sediment load and sediment
concentration data (1952–2011) at the Ganguyi hydro-
logical station (GHS, 109°48′E, 36°42′E, 900m altitude)
with control area of 5891km2 were obtained from the
Bureau of Hydrology, Yellow River Conservancy
Commission, China. The Ganguyi is the final hydrolog-
Figure 1. (a) The location of the Loess Plateau (grey shading) in the midd
watershed (colour shading) in the middle part of the Lo

Copyright © 2015 John Wiley & Sons, Ltd.
ical station in the Yanhe River. Daily precipitation from
1952–2011 at 39 rain gauge stations inside the watershed
were also provided by this institute. Daily climate data
from 1952 to 2011 at the five county-level meteorological
stations (i.e. Ansai, Yan’an, Yanchang, Zhidan, and
Jingbian) in and around the watershed were obtained from
the Shaanxi Meteorological Administration, China. Seven
meteorological variables, including the mean, maximum
and minimum air temperatures, vapour pressure, relative
humidity, wind speed at 2-m height, and bright sunshine
hours, were used to calculate the potential evapotranspi-
ration. The locations of the hydrological, rain gauge and
meteorological stations were shown in Figure 1. All the
measured data were checked by the corresponding
agencies and rated as good quality.
Data of the soil and water conservation measures from

1959 to 2006 were obtained from Ran et al. (2000, 2012)
based on on-site field surveys and observations. The data
included the areas of afforestation, grass-planting, level
terraces and check-dams and the siltation of check dams,
reservoirs and gully control projects. The land-use data in
1975, 1990 and 2000 were interpreted from remotely
sensed Landsat images with a map scale of 1:100000.
The land cover classification in 2008 was updated using
China–Brazil Earth Resources Satellite (CBERS-2b)
images with a ground resolution of 20m.

Climate and hydrological variables

Climate variables. The precipitation (P, mm), mean,
maximum and minimum air temperature (Tmean, Tmax and
Tmin, °C) and relative humidity (RH, %) were chosen as
the climate variables for analysis in this study. To reflect
the complete effect of meteorological variables, the
le reaches of the Yellow River Basin, China. (b) Location of the Yanhe
ess Plateau. (c) An overview of the Yanhe watershed

Hydrol. Process. 30, 365–382 (2016)
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potential evapotranspiration (PET, mm) and aridity
index (AI) were also analysed. The AI was expressed
as the ratio of the difference between PET and P versus
PET (i.e. AI= (PET�P)/PET) (Thornthwaite, 1948). The
AI can be understood as the water requirement to satisfy
the potential evapotranspiration. If P is equal to or
exceeds the PET, the AI is equivalent to zero or is
negative. In contrast, the positive AI values indicate the
dry conditions in the watershed, and the AI approaches 1
in the absence of precipitation.
For further analysis, the daily P and PET data were

aggregated to monthly, flood season and annual totals, and
the corresponding AI values were calculated from the
aggregated data. The monthly, flood season and annual
values of Tmean, Tmax, Tmin and RH were obtained by
averaging the measured daily data on corresponding
temporal scales. The watershed-wide area-average climate
variables were calculated using the Thiessen Polygon
method to account for the spatial variability in the study area.

Hydrological variables. To fully reflect the hydrological
characteristics of the watershed, the changes of streamflow
(R, m3), sediment load (S, t), sediment concentration
(SC=S/R, kgm�3), runoff coefficient (Cr =R/(A.P), where
A is the control area of hydrological station, km2) and
sediment coefficient (Cs = S/(A.P), t km�2mm�1) (Liu
et al., 2014) on monthly, flood season and annual scales
were analysed. The Cr and Cs signify runoff and sediment
availability per unit area per unit precipitation in the
watershed during a given period, respectively.
In the Loess Plateau, a large proportion of annual

streamflow and sediment load was typically produced by
a few intense rainstorms. It is critical to examine the
variations of high daily streamflow and sediment load.
Therefore, the maximum daily discharge (Qmd, m

3 s�1),
sediment discharge (Qsmd, t s

�1) and sediment concen-
tration (SCmd, kgm

�3) during each year were chosen as
the hydrological variables on the daily scale. The inter-
annual changes in the percentages of maximum daily
streamflow (PRmd=864Qmd/R, %) and sediment load
(PSmd=864Qsmd/S, %) accounting for the annual total
were also analysed.
METHOLOGY

Potential evapotranspiration

The daily potential evapotranspiration was calculated
using the FAO Penman–Monteith method (Allen et al.,
1998):

PET ¼ 0:408Δ Rn � Gð Þ þ γ 900
Taþ273 u2 es � eað Þ

Δþ γ 1þ 0:34u2ð Þ (1)
Copyright © 2015 John Wiley & Sons, Ltd.
where Rn was net radiation at the crop surface
(MJ m�2 day�1), G was soil heat flux density
(MJm�2 day�1), Ta was mean air temperature at 2m
height (°C), u2 was wind speed at 2m height (ms�1), es
was saturation vapour pressure (KPa), ea was actual
vapour pressure (KPa), Δ was slope vapour pressure
curve (KPa °C�1) and γ was the psychrometric constant
(KPa °C�1). A complete set of equations were proposed
by Allen et al. (1998) to compute the parameters in
Equation (1).

Trend test

The Mann–Kendall (M–K) method, which was origi-
nally proposed by Mann (1945) and improved by Kendall
(1975), is a rank based non-parametric test for assessing
the significance of trends in hydrological and meteoro-
logical time series. The M–K test for monotonic trend is
defined as follows:

Z ¼

S� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp ; S > 0

0 ; S ¼ 0
Sþ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp ; S < 0

8>>>>><
>>>>>:

(2)

in which

S ¼ ∑
n�1

k¼1
∑
n

j¼kþ1
sgn xj � xk

� �
(3)

var Sð Þ ¼
n n� 1ð Þ 2nþ 5ð Þ � ∑

q

p¼1
tp tp � 1
� �

2tp þ 5
� �

18
(4)

where n is the length of time series, xj and xk are the
sequential data values in periods j and k (j< k),
respectively, and sgn(θ) is equal to 1, 0 and �1 if θ is
greater than, equal to, or less than zero, respectively. q is
the number of tied groups, and tp is the number of data
values in the pth group. The null hypothesis H0 (there is
no steep change) is rejected if |Z|>Z(1� α/2), where α is
the significance level for the test, and a significant trend
exists in the observed time series. A positive value of Z
indicates an upward trend while a negative value
represents a downward trend.
The M–K test assumes that the series is independent.

However, the presence of serial correlation in the time
series can complicate the identification of trends. In this
work, the trend-tree pre-whitening method of Yue and
Wang (2002) was used to remove the auto-correlation
before executing the trend analysis.
Hydrol. Process. 30, 365–382 (2016)



Figure 2. Time series of annual (a) precipitation (P), potential
evapotranspiration (PET), aridity index (AI), and (b) temperature (Tmean,
Tmax, and Tmin) and relative humidity (RH) of the watershed from 1952 to
2011. The solid line is the linearly fitted trend line for the evolution of the

climate variables
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The trend magnitude is estimated using a nonparamet-
ric median based slope method proposed by Sen (1968)
and extended by Hirsch et al. (1982):

β ¼ Median
xj � xk
j� k

� �
for all k < j (5)

where 1< k< j<n, and β is the median of all possible
combinations of pairs for the entire data set.

Change-point analysis

The non-parametric method developed by Pettitt (1979)
is widely used to determine the occurrence of a change
point (e.g. Xu et al., 2013a, b). This approach detects a
significant change in the mean of a time series when the
exact time of the change is unknown. The test is a
distribution-free method and requires only a few assump-
tions to be made regarding the data. The test uses a version
of the Mann–Whitney statistic Ut, N that verifies whether
two samples, i.e. x1,…, xt and xt+1,…, xN, are from the same
population. The test statistic Ut, N is given by:

Ut; N ¼ Ut�1; N þ ∑
N

j¼1
sgn xt � xj

� �
for t

¼ 2; :::::::::::::::;N (6)

The test statistic counts the number of times that a
member of the first sample exceeds a member of the
second sample. The null hypothesis of Pettitt test is the
absence of a changing point. Its statistic k(t), and the
associated probabilities (p) used in the significance testing
are given as follows:

k tð Þ ¼ Max1≤t≤N Ut; N

�� �� (7)

and p ≅ 2 exp �6 KNð Þ2= N3 þ N2
� �n o

(8)

Double mass curve method

The double mass curve is a visual and practical method
to identify the hydrological regime changes caused by
anthropogenic disturbances (Huo et al., 2008; Gao et al.,
2013). The theory is that a plot of the two cumulative
quantities exhibits a straight line if the two variables are
proportional, and the slope of this line represents the
constant of proportionality between the two variables. A
break in the slope within a double mass curve indicates that
a change in the constant of proportionality occurred. In this
study, double mass curves of precipitation versus
streamflow and precipitation versus sediment load were
plotted. These curves were subsequently used to estimate
the relative effects of human activities and climate
variability on the annual and flood season streamflow
and sediment load changes.
Copyright © 2015 John Wiley & Sons, Ltd.
The linear regression equations between the accumu-
lative streamflow–precipitation and sediment load–
precipitation before the transition years were established.
The average streamflow and sediment load after the
change point without the effects of human activities were
extrapolated using the established regression equations
and precipitation data post the change point. The
difference between the observed and calculated
streamflow and sediment load after the breakpoint was
considered to represent the cumulative effects of human
activities, and the residual changes were attributed to
climate variability.
RESULTS

Changes of catchment climate

The monotonic trends of annual P, PET, AI, Tmean,
Tmax, Tmin and HA during 1952–2011 over the Yanhe
watershed are shown in Figure 2, and the statistical and
trend test results of these climate variables are given in
Table I. The mean annual P was 504.03mm, and the
maximum annual P (859.70mm in 1964) was approxi-
Hydrol. Process. 30, 365–382 (2016)



Table I. Statistics and Mann–Kendall trend analysis results of the annual precipitation (P), potential evapotranspiration (PET), aridity
index (AI), temperature (Tmean, Tmax and Tmin) and relative humidity (RH) during 1952–2011

Climate
variable Mean Max (year) Min (year) Cv

Trend test

Z Trend a Significance b Slope (β)

P (mm) 504.03 859.70 (1964) 271.04 (1997) 0.202 �1.218 ↓ – �0.889
PET (mm) 962.29 1045.47 (1957) 796.12 (1964) 0.517 1.282 ↑ – 0.478
AI 0.47 0.74 (1997) �0.08 (1964) 0.278 1.563 ↑ – 0.001
Tmean (°C) 9.71 11.33 (2006) 7.72 (1967) 0.078 5.160 ↑ ** 0.028
Tmax (°C) 16.77 18.34 (1955) 14.43 (1967) 0.051 1.856 ↑ – 0.015
Tmin (°C) 3.29 4.86 (2006) 1.70 (1967) 0.237 5.058 ↑ ** 0.029
RH (%) 60.50 73.34 (1964) 52.84 (2005) 0.067 �3.272 ↓ ** �0.090

a ‘↓’ indicates a downward trend, ‘↑’ indicates an upward trend.
b ‘**’ and ‘*’ indicate significance levels of 0.01 and 0.05, respectively, ‘–’ indicates that the significance level exceeds 0.05.

Figure 3. Average monthly precipitation (P), potential evapotranspiration
(PET), aridity index (AI) in the watershed from 1952 to 2011
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mately three times of the minimum value (271.04mm in
1997). The mean annual PET (962.29) was approximately
two times as large as the mean annual P. Accordingly, the
AI exhibited an average value of 0.47. The driest and
wettest years were 1997 and 1964, corresponding to the
AI values of 0.74 and �0.08, respectively. The mean
values of the annual Tmean, Tmax and Tmin were 9.71,
16.77 and 3.29 °C, respectively. The differences between
the maximum and minimum values of Tmean, Tmax and
Tmin were 3.61, 3.91 and 3.16 °C, respectively. The
annual RH had a mean value of 60.50% with the
maximum and minimum values of 75.34% in 1964 and
52.38% in 2005, respectively. The PET exhibited the
largest variability with the Cv value of 0.517, and the Tmax

was most stable indicated by the smallest Cv value
(0.051) among the climate variables.
The annual P exhibited a negative trend with a reduction

of 0.889mmyear�1 over the past 60years, whereas the
annual PET and AI had increasing trends of
0.478mmyear�1 and 0.001year�1, respectively. However,
the trends of P, PET and AI were not significant (Table I).
All the three annual air temperature variables exhibited
positive trends with increasing rate of 0.028, 0.015 and
0.029 °Cyear�1 for Tmean, Tmax and Tmin, respectively.
However, only Tmean and Tmin had significant trends
(p<0.01), and the trend in Tmax was not significant. A
significant decreasing trend (p<0.01) with a changing rate
of 0.09% year�1 was observed for RH.
The average values of the flood season P, PET and AI

were 359.65mm, 482.83mm and 0.25, accounting on
average for 71.35%, 50.17% and 53.19% of the annual
values, respectively. Furthermore, the flood season P,
PET and AI exhibited the same changing trends as the
annual scale. However, the changing rates of flood season
P (�0.717mmyear�1) and PET (0.224mmyear�1) were
smaller than those of annual values, whereas the flood
season AI exhibited a greater increasing trend
(0.002 years�1) than annual AI.
Copyright © 2015 John Wiley & Sons, Ltd.
The average values of the monthly P, PET and AI from
1952 to 2011 are shown in Figure 3. The monthly P, PET
and AI showed somewhat different seasonal cycles,
especially with respect to themonth inwhich themaximum
value occurred. The monthly P reached the maximum in
July and August at 110.74 and 111.65mm, respectively.
Moreover, the monthly PET was greater than 100mm
during April–August, exhibiting its highest value in June
(146.64mm). The watershed was wettest in August and
September as indicated by the lowest values of the AI
(0.044 and 0.036, respectively), and the driest season was
during December–February in which the AI exceeded 0.80.
The M–K trend test results in Figure 4 indicated that the
monthly P exhibited an increasing trend only in January,
February and June. In contrast, the monthly AI had a
decreasing trend in these three months. The monthly PET
exhibited a positive trend in most of months except in
January, June andDecember. However, the trend ofP,PET
and AI in each month was not significant (Figure 4).

Changes of streamflow and sediment load

Changes on annual and flood season scales. The statistics
of the annual and flood season R, S, SC, Cr and Cs during
Hydrol. Process. 30, 365–382 (2016)



Figure 4. Mann–Kendall trend test results of the monthly (a) precipitation
(P), (b) potential evapotranspiration (PET), and (c) aridity index (AI) in the

watershed from 1952 to 2011

Table II. Statistics of the annual and flood season streamflow (R), s
(Cr) and sediment coefficien

Hydrological
variable

Annual

Mean Max (year) Min (year) Cv

R (108m3) 2.02 5.02 (1964) 1.06 (2008) 0.369
S (104 t) 4070.01 18171.93 (1964) 82.17 (2011) 0.863
SC (kgm�3) 175.13 383.61 (1966) 7.04 (2011) 0.541
Cr (%) 6.76 12.07 (1977) 3.35 (2011) 0.260
Cs (t km

�2mm�1) 13.23 44.66 (1977) 0.24 (2011) 0.739
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Copyright © 2015 John Wiley & Sons, Ltd.
1952–2011 are shown in Table II. The mean streamflow
in the flood season (1.28×108m3) accounted for more
than 60% of the annual total (2.02×108m3). Moreover,
nearly all (98.6%) of the sediment load for the entire year
(4070.01 × 104 t) occurred in the flood season
(4012.23 × 104 t) . The mean flood season SC
(269.19 kgm�3) was approximately one and a half times
of the annual value (175.13 kgm�3). The ratio between
the mean flood season and annual Cr (5.90%/6.76%) was
0.873, indicating that the runoff availability per unit
precipitation in the flood season was smaller than that
over the entire year. In contrast, the mean flood season Cs

value (18.14 t km�2mm�1) was much larger than the
annual value (13.23 t km�2mm�1).
Although there were significant differences between

the annual and flood season runoff and sediment values,
the extrema of the annual and flood season hydrological
variables primarily occurred in the same years (Table II).
The maximum annual and flood season R, S and SC
values occurred in 1964 or 1966, while the maximum Cr

and Cs values occurred in 1977. The minimum value of
these five hydrological variables occurred recently (2008
or 2011). The maximum R and Cr was approximately
several times larger than the minimum value, whereas the
differences between the maximum and minimum values
of S, SC and Cs were approximately two orders of
magnitude larger than those of R and Cr (Table II).
Furthermore, the S, SC and Cs exhibited greater
variability than R and Cr accordingly to a comparison
of their Cv values (Table II).
The evolution of the annual and flood season R, S, SC,

Cr and Cs from 1952 to 2011 is shown in Figure 5. A
linear regression analysis suggested that all these five
hydrological variables witnessed a decreasing trend over
the past 60 years. The largest decrease occurred after 2005
(Figure 5). The M–K trend test results in Tables III and
IV indicated that the decreasing trends of R, S, SC and Cs

on both annual and flood season scales were significant
(p<0.01). A significant negative trend (p<0.01) was
detected for the flood season Cr (Table IV), whereas the
annual Cr did not have a significant decreasing trend
ediment load (S), sediment concentration (SC), runoff coefficient
t (Cs) during 1952–2011

Flood season
Ratio of means

Mean Max (year) Min (year) Cv

1.28 3.81 (1964) 0.36 (2008) 0.537 0.634
4012.23 18136.14 (1964) 67.84 (2011) 0.874 0.986
269.19 493.77 (1966) 12.58 (2011) 0.434 1.537

5.90 12.58 (1977) 1.84 (2008) 0.387 0.873
18.14 57.64 (1977) 0.31 (2011) 0.716 1.371
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Figure 5. Time series of annual and flood season (a) streamflow (R), (b) sediment load (S), (c) sediment concentration (SC), (d) runoff coefficient (Cr), and
(e) sediment coefficient (Cs) of the watershed from 1952 to 2011. The solid line is the linearly fitted trend line for the evolution of the hydrological variables

Table III. Mann–Kendall trend test and Pettitt change point analysis results of the annual streamflow (R), sediment load (S), sediment
concentration (SC), runoff coefficient (Cr) and sediment coefficient (Cs) during 1952–2011

Annual
hydrological
variable

Trend test Change point analysis

Z Trend Significance Slope (β) Year p Pre-T a Post-T b Change c (%)

R (108m3) �2.768 ↓ ** �0.014 1996 0.003 2.21 1.44 �34.84
S (104 t) �3.387 ↓ ** �62.628 1996 0.004 4912.79 1541.68 �68.61
SC (kgm�3) �3.629 ↓ ** �2.763 1996 0.006 203.02 91.46 �54.95
Cr (%) �1.716 ↓ – �0.024 1999 0.025 7.17 5.12 �28.59
Cs (t km

�2mm�1) �3.157 ↓ ** �0.199 1996 0.009 15.66 5.94 �62.06

‘↓’ indicates a downward trend; ‘↑’ indicates an upward trend.
‘**’ and ‘*’ indicate significance levels of 0.01 and 0.05, respectively; ‘–’ indicates that the significance level exceeds 0.05.
a Mean value before the change point.
b Mean value after the change point.
c Change of the mean value between pre-T and post-T.
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Table IV. Mann–Kendall trend test and Pettitt change point analysis results of the flood season streamflow (R), sediment load (S),
sediment concentration (SC), runoff coefficient (Cr) and sediment coefficient (Cs) during 1952–2011

Flood season
hydrological
variable

Trend test Change point analysis

Z Trend Significance Slope (β) Year p Pre-T Post-T Change

R (108m3) �2.991 ↓ ** �0.012 1996 0.002 1.45 0.76 �47.58%
S (104 t) �3.387 ↓ ** �61.910 1996 0.003 4860.19 1468.37 �69.78%
SC (kgm�3) �3.859 ↓ ** �3.768 1996 0.005 307.73 153.55 �50.10%
Cr (%) �2.915 ↓ ** �0.051 1996 0.009 6.52 4.07 �37.57%
Cs (t km

�2mm�1) �3.374 ↓ ** �0.308 1996 0.006 21.60 7.87 �63.56%

‘↓’ indicates a downward trend; ‘↑’ indicates an upward trend.
‘**’ and ‘*’ indicate significance levels of 0.01 and 0.05, respectively; ‘–’ indicates that the significance level exceeds 0.05.

Figure 6. Average monthly (a) streamflow (R) and sediment load (S), and
(b) sediment concentration (SC), runoff coefficient (Cr), and sediment

coefficient (Cs) of the watershed from 1952 to 2011
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(Table III). The annual and flood season R and S had
nearly the same decreasing rate, which was approximately
0.01×108m3 years�1 and 60×104 t year�1, respectively.
However, the SC, Cr and Cs decreased more rapidly in the
flood season as the changing rates of annual SC
(�2.76 kgm�3 years�1), Cr (�0.02% year�1) and Cs

(�0.20 t km�2mm�1 year�1) were much smaller than
those in the flood season (�3.77 kgm�3 years�1,
�0.05% year�1, �0.30 t km�2mm�1 year�1 for SC, Cr

and Cs, respectively).
According to the Pettitt test results in Tables III and IV,

the annual and flood season hydrological variables had
nearly the same change points (1996) except for the
abrupt change in the annual Cr that occurred in 1999. All
of the abrupt change points were statistically significant
(p<0.05). The mean values of the annual R and Cr after
the change point decreased by 34.84% and 28.59%,
respectively, which were smaller than the reductions in
flood season (47.85% and 37.57%). However, the
reductions of S, SC and Cs were nearly identical on the
annual and flood season scales, i.e. approximately 70%,
50% and 60%, respectively. Clearly, the S, SC and Cs

exhibited larger reductions after the change point
compared to R and Cr.

Changes on monthly scale. Figure 6 shows the monthly
distribution of R, S, SC, Cr and Cs, demonstrating that the
R, S, SC and Cs were all concentrated in the rainy season
(between May and October) and that the maxima
occurred in July and August. Moreover, the R and S
during July–August accounted for 46.7% and 86.2% of
the annual total and 73.6% and 87.4% of the flood season
total, respectively. The average SC (373.14 kgm�3) and
Cs (26.79 t km�2mm�1) during July–August were ap-
proximately two times of the mean annual values and one
and a half times of the flood season values. In contrast to
the seasonal cycle of R, S, SC and Cs, the mean Cr during
April–November (6.22%) was much smaller compared
with the other four months (22.83%) (Figure 6B), which
was due to the relatively large baseflow component
Copyright © 2015 John Wiley & Sons, Ltd.
during December–March from the contribution of
snowmelt events. Therefore, the sediment load primarily
occurred in summer (June–August), whereas the streamflow
in spring (March–May) and winter (December–February)
also contributed to the annual value.
The M–K trend test results of R, S, SC, Cr and Cs during

May–October are shown in Figure 7. Although the annual
R and Cr exhibited decreasing trends, positive trends were
detected for both R and Cr in May (not significant). The
decreasing trends of R and Cr during June–October were
only significant in July (p<0.05) and August (p<0.01)
(Figure 7A and D). Therefore, the decreasing of annual and
Hydrol. Process. 30, 365–382 (2016)



Figure 7. Mann–Kendall trend test results of the monthly (a) streamflow (R), (b) sediment load (S), (c) sediment concentration (SC), (d) runoff coefficient
(Cr), and (e) sediment coefficient (Cs) of the watershed from 1952 to 2011

374 G. GAO, Y. MA AND B. FU
flood season streamflow was mainly caused by the decline
in July and August. The monthly S, SC and Cs exhibited
decreasing trends in every month during May–October,
and the trends were significant at the 5% level in June
and at the 1% level from July to September. Moreover,
the R, S, SC, Cr and Cs all decreased most rapidly in
July–August, and the corresponding changing rates were
�0.005 × 108 m3 years�1, �22.278 × 104 t year�1,
�3.836 kg m�3 years�1 , �0.066% year�1 and
�0.388 t km�2mm�1 year�1, respectively. Therefore, sub-
stantial changes occurred in July–August compared with
the other months.

Changes on daily scale. The inter-annual variations of
Qmd, PRmd, Qsmd, PSmd and SCmd during 1952 and 2011
Copyright © 2015 John Wiley & Sons, Ltd.
are shown in Figure 8, and the statistics of these five
maximum daily hydrological variables were given in
Table V. The Qmd ranged from 1500m3 s�1 (in 1977) to
24.9m3 s�1 (in 2008) with an average of 248.18m3 s�1.
The corresponding Rmd (maximum daily streamflow)
accounted for 9.7% of the annual total streamflow on
average, even reaching approximately one third in 1977.
Compared with Qmd, the Qsmd exhibited much more inter-
annual variability with the Cv value of 1.155. The
maximum Qsmd in 1977 (1090.50 t s�1) was nearly 1000
times larger than the minimum value in 2011 (1.65 t s�1).
Furthermore, the Smd (maximum daily sediment load)
accounted for an average of approximately 30% of the
annual sediment load. The maximum percentage was
67.31% in 1977, while the minimum percentage was
Hydrol. Process. 30, 365–382 (2016)



Figure 8. Time series of (a) the maximum daily discharge (Qmd) and
percentage of the maximum daily streamflow contributing to the annual
total (PRmd), (b) the maximum daily sediment discharge (Qsmd) and
percentage of the maximum daily sediment load contributing to annual
total (PSmd), and (c) the maximum daily discharge sediment concentration
(SCmd) in each year of the watershed from 1952 to 2011. The solid line is
the linearly fitted trend line for the evolution of the hydrological variables

Table V. Statistics of the maximum daily hydrological variables
in each year (Qmd, PRmd, Qsmd, PSmd and SCmd) during 1952–

2011

Maximum daily
hydrological
variable a

Mean Max (year) Min (year) Cv

Qmd (m
3 s�1) 248.18 1500.00 (1977) 24.90 (2008) 0.926

PRmd (%) 9.70 34.25 (1977) 2.03 (2008) 0.612
Qsmd (t s

�1) 140.04 1090.50 (1977) 1.65 (2011) 1.155
PSmd (%) 29.15 67.31 (1977) 13.93 (1958) 0.433
SCmd (kgm

�3) 645.07 1080.00 (1963) 65.20 (2011) 0.258

Notes: a Qmd, Qsmd and SCmd indicate the maximum daily discharge,
sediment discharge and sediment concentration during one year,
respectively. PRmd and PSmd indicate the percentage of the maximum
daily streamflow and sediment load contributing to the annual total,
respectively.

Figure 9. Occurrence date distribution of the maximum daily discharge
(Qmd), sediment discharge (Qsmd) and sediment concentration (SCmd) from

1952 to 2011
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13.93% in 1958. The maximum Qmd, PRmd, Qsmd and
PSmd all occurred in 1977 as a result of the catastrophic
rainstorm and flood from July 5 to 6 of 1977. Events of
this magnitude were rare over the recent one and two
hundred years. Furthermore, the SCmd ranged from
1080 kgm�3 (in 1963) to 65.20 kgm�3 (in 2011),
exhibiting a mean of 645.07 kgm�3, which was 3.68
Copyright © 2015 John Wiley & Sons, Ltd.
and 2.40 times larger than the annual and flood season SC
(175.13 kgm�3 and 269.19 kgm�3), respectively. The
aforementioned results indicated that the streamflow and
sediment resulting from the extreme flood event had
substantial contributions to the annual totals in the
watershed.
Figure 9 shows the occurrence date distribution of Qmd,

Qsmd and SCmd. Most of Qmd, Qsmd and SCmd occurred in
July and August during the last 60 years. The median
occurrence dates of Qmd, Qsmd and SCmd were July 31,
July 30 and July 19, respectively. The occurrence dates of
Qmd and Qsmd were nearly same, which lagged behind
that of SCmd (Figure 9).
As shown in Figure 8A, the Qmd and PRmd represented

decreasing trends over the last 60 years. The M–K trend
test results indicated that the decreasing trend of Qmd

(�2.548m3 s�1 year�1) was significant (p<0.05), where-
as the changing of PRmd (�0.065% year�1) was not
significant (Table VI). Furthermore, the Qsmd decreased
Hydrol. Process. 30, 365–382 (2016)



Table VI. Mann–Kendall trend test and Pettitt change point analysis results of maximum daily hydrological variables in each year (Qmd,
PRmd, Qsmd, PSmd and SCmd) during 1952–2011

Maximum
daily
hydrological
variable

Trend test Change point analysis

Z Trend Significance Slope (β) Year P Pre-T Post-T Change

Qmd (m
3 s�1) �2.405 ↓ * �2.548 1996 0.027 287.85 129.16 �55.12%

PRmd (%) �1.843 ↓ – �0.065 2002 0.128 10.50 5.12 �51.23%
Qsmd (t s

�1) �2.570 ↓ * �1493.336 1996 0.022 166.74 59.94 �64.05%
PSmd (%) 1.103 ↑ – 0.079 1968 0.224 23.89 31.23 30.72%
SCmd (kgm

�3) �4.139 ↓ ** �4.700 1994 0.0003 708.31 485.13 �31.50%

‘↓’ indicates a downward trend; ‘↑’ indicates an upward trend.
‘**’ and ‘*’ indicate significance levels of 0.01 and 0.05, respectively; ‘–’ indicates that the significance level exceeds 0.05.

Figure 10. Double mass curves of (a) annual and (b) flood season
precipitation–streamflow and precipitation–sediment load relationships.
The straight lines are the regression lines of the cumulative data before and

after the change point years
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significantly (p<0.05) at a rate of 1493.34 t s�1 year�1,
whereas the PSmd had an increasing trend of 0.079%
year�1 (not significant). These results indicated that the
contribution of the maximum daily sediment load to the
annual total progressively increased over the last 60 years.
Moreover, the SCmd decreased rapidly at a rate of
4.7 kgm�3 years�1 (p<0.01). As shown in Table VI,
significant change points were detected for Qmd

(p<0.05), Qsmd (p<0.05) and SCmd (p<0.01) in 1996,
1996 and 1994, respectively. The change points were
nearly consistent with those of annual and flood season R,
S and SC (1996). Furthermore, there were substantial
decreases in Qmd, Qsmd and SCmd by 55.12%, 64.05% and
31.50% after the changing points, respectively (Table VI).

Contributions of human activities and climate variability

Double mass curves of annual and flood season
precipitation–streamflow and precipitation–sediment load
relationships, along with the linear regression lines, were
shown in Figure 10. Pronounced breakpoints existed
between the two regression lines for both annual and
flood season streamflow and sediment load, further
confirming that the change pointes detected using the
Pettitt method were reasonable. The slopes of the
regression lines decreased after the change point,
especially for the cumulative precipitation–sediment load
regression lines.
Using the regression equations established before the

transition year, the extrapolated average annual and flood
season streamflow and sediment load were calculated,
which are shown in Tables VII and VIII, respectively. As
previously noted, the difference between the calculated
and measured values in the post-change period was
caused by the effects of human activities, while the
residual was caused by precipitation changes. The
estimated relative contributions of human activities and
climate availability to the changes in streamflow are
shown in Table VII, while those related to sediment load
changes are represented in Table VIII.
Copyright © 2015 John Wiley & Sons, Ltd.
The contributions of human activities to annual and
flood season streamflow reduction were 65.71% and
68.56%, respectively, whereas the changes in precipita-
tion only accounted for approximately one third of the
total (Table VII). As shown in Table VIII, the
contribution from human activities (80%) on the
reduction in sediment load was much larger than that
Hydrol. Process. 30, 365–382 (2016)



Table VII. The effects of human activities (HA) and climate variability (CV) on the reductions of annual and flood season streamflow
after the change point year (unit: 108m3)

Period Ro
a Rc

b ΔR c Impact by HA d Impact by CV d

Annual scale 1952–1996 2.21 2.18
1997–2011 1.44 1.95 0.77 0.51 (65.71%) 0.26 (34.29%)

Flood season scale 1952–1996 1.45 1.42
1997–2011 0.76 1.24 0.69 0.47 (68.56%) 0.22 (31.44%)

Notes: a Ro indicates the observed average streamflow.
b Rc indicates the calculated average streamflow.
c ΔR indicates the reduction of average streamflow compared with the period before the change point year.
d Data in parentheses indicate the impact percentage by HA and CV.

Table VIII. The effects of human activities (HA) and climate variability (CV) on the reductions of annual and flood season sediment
load after the change point year (unit: 104 t)

Period So
a Sc

b ΔS c Impact of HA d Impact of CV d

Annual scale 1952–1996 4912.79 4921.44
1997–2011 1541.68 4265.77 3371.11 2724.09 (80.81%) 647.02 (19.19%)

Flood season scale 1952–1996 4860.18 4816.63
1997–2011 1468.37 4161.46 3391.81 2673.09 (79.40%) 698.73 (20.60%)

Notes: a So indicates the observed average sediment load.
b Sc indicates the calculated average sediment load.
c ΔS indicates the reduction of average sediment load compared with the period before the change point year.
d Data in parentheses indicate the impact percentage by HA and CV.
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from precipitation changes (20%). The results suggested
that the effects of human activities on annual and flood
scales were nearly equal, while the effects of precipitation
changes on streamflow was greater than those on
sediment load. The human activities played a more
substantial role for both streamflow and sediment load
reductions in the watershed, while climate variability
played a complementary role.
DISCUSSION

Influence of climate variability

The effects of climate variability on streamflow and
sediment load variations are primarily related to changes
in precipitation and potential evapotranspiration. Precip-
itation is the driving force for runoff and, therefore,
directly influences the watershed streamflow and its
sediment transport capacity. The potential evapotranspi-
ration represents the integrated effect of climate variables,
indicating the potential water loss capacity. In this study,
only a slight and insignificant reduction in the annual
precipitation and an increase in the annual potential
evapotranspiration were observed in the watershed from
1952 to 2011. In contrast, the streamflow and sediment
load underwent more noticeable reductions. Furthermore,
Copyright © 2015 John Wiley & Sons, Ltd.
the watershed had a significant change point (1996) with
respect to both the streamflow and sediment load, but the
precipitation and potential evapotranspiration did not
exhibit a similar change point. Moreover, the streamflow
and sediment load decreased by approximately 40% and
70% after the change point, respectively. However, the
precipitation and potential evapotranspiration only de-
creased by 10% and increased by 5% after 1996,
respectively.
With respect to the slight decrease in the precipitation

amount, the streamflow and sediment load production
ability of precipitation decreased substantially according
to the significant reductions in the runoff and sediment
coefficients on both annual and flood season scales
(Tables III and IV). Figure 11 shows the relationships
between annual precipitation and streamflow and sedi-
ment load in the two periods separated by the abrupt
change points, and the corresponding relationships on
flood season scale are shown in Figure 12. The
correlations of the precipitation–streamflow and
precipitation–sediment load relationships before the
change point were much stronger than those after the
change point. Yao et al. (2011) also indicated that there
was a relatively strong relationship between the runoff,
sediment load and precipitation before the 1970s with
high coefficients of >0.70 for most of the catchments in
Hydrol. Process. 30, 365–382 (2016)



Figure 11. The relationship between annual (a) precipitation–streamflow
and (b) precipitation–sediment load during the two periods divided by the

change point year. The solid line is the linear regression line

Figure 12. The relationship between flood season (a) precipitation–
streamflow and (b) precipitation–sediment load during the two periods
divided by the change point year. The solid line is the linear regression

line
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the MRYRB, whereas the relationship became weaker
between 2000 and 2006. The correlation between the
annual runoff, sediment load and erosive rainfall in the
Beiluo River basin was weaker during 2000–2009
compared with that before 1999 (Tian et al., 2015).
Furthermore, the regression trend lines after the change

point were situated below the lines before the change
period (Figures 11 and 12). This implied that with the
same precipitation, the amount of streamflow and
sediment load generation during the post-change period
was less than that during the pre-change period. As shown
in Figures 11 and 12, the slope of the regression line
during the post-change period was nearly zero, indicating
that the increase of precipitation did not result in any
increase of the streamflow and especially the sediment
load. This further confirmed that the effects of precipi-
tation on streamflow and sediment load decreased
substantially after the change point.
The aforementioned analysis supported that the climate

variability was not the main driving force for the
significant reductions in streamflow and sediment load
Copyright © 2015 John Wiley & Sons, Ltd.
and intensive human activities played a main role. Zhao
et al. (2014) indicated that precipitation at all of the
stations in the MRYRB had negative trends during
1950s–2010 (�4.7mmyear�1 to �0.19mmyear�1) and
temperature increased significantly at most stations, while
PET showed a mixed of upward and downward trend.
The estimated contributions of climate variability by
Budyko’s curve and linear regression method for annual
streamflow reduction in the Yanhe watershed were 56.2%
and 18.2%, respectively (Zhao et al., 2014). In Gao et al.
(2014), the climate variability and non-climate factors
were estimated to have contributed almost equally (49%
vs 51%) to the annual streamflow reduction with the
sensitivity-based method. Li et al. (2014) found that the
contribution of precipitation on runoff reduction was
31.6% with the elasticity analysis. In this study, the
contribution of climate variability to annual streamflow
reduction was estimated to be 34% by the mass curve
method. The differences between the results are mainly
caused by the assumptions of different methods, which
needs further investigation.
Hydrol. Process. 30, 365–382 (2016)
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Influence of human activity

The human activities primarily include the ecological
restoration campaigns and soil and water conservation
measures. The GFG project was the largest land
retirement programme. Implement at the end of 1990s,
the GFG project aimed to convert croplands and
abandoned farmlands on steep slopes to forest and
pasture lands. The arable land in the Yanhe watershed
increased gradually before 2000. The area of arable land
was 2582.86, 2816.9 and 3198.83 km2 in 1975, 1990 and
2000, respectively. However, with the launching of the
GFG project, the arable land area sharply decreased to
1349.07 km2 in 2008. Undoubtedly, the GFG project
contributed largely to reductions in runoff and sediment
production on the sloping terrain (Zhang et al., 2008;
Rustomji et al., 2008; Feng et al., 2012).
The soil and water conservation measures include both

biological (e.g. afforestation and planting grass) and
engineering (e.g. creation of level terraces, building check
dams and gully control projects) measures. The area of soil
and water conservation measures in the Yanhe watershed
increased evidently between 1959 and 2006 (Figure 13).
The percentage of the total treated area increased from
0.85% in 1959 to 28.47% in 1996, and reached 45.81% in
2006. The rate of increase was greatest during the 1980s
due to comprehensive management of small watersheds
and after 1996 as a result of the implementation of the GFG
project since 1999. Although the engineering measures
were utilized over much smaller areas than the biological
measures (Figure 13), these techniques were expected to
have immediate and substantial effects on streamflow and
sediment. As the conservation area expanded, the measures
against soil erosion became increasingly effective, partic-
ularly since the late 1970s.
Afforestation and grass planting can alter a catchment’s

water balance by increasing rainfall interception and
Figure 13. Accumulative area affected by soil and water conservation
measures in the watershed from 1959 to 2006

Copyright © 2015 John Wiley & Sons, Ltd.
evapotranspiration, enhancing infiltration and ultimately
reducing runoff amount. Moreover, bark crack and leaf litter
after afforestation and grass planting can increase the
roughness of the soil surface, which can decrease the runoff
velocity (Miao et al., 2010). Therefore, soil erosion and
sediment transport subsequently decreased due to the
decreasing surface runoff and increasing water infiltration
into the soil. Sun et al. (2006) estimated that afforestation
reduced 50% of the potential water yield by enhancing
evapotranspiration in the Loess Plateau. The literature
review study of McVicar et al. (2007) indicated that the
annual streamflow was reduced by between 10% and 70%
as a result of afforestation in the Loess Plateau region. As
shown in Figure 13, the area in the upstream of the GHS that
was afforested or planted by grass increased from 1959 to
2006, especially since 1979. The total area of afforestation
and grass planting increased from 41.66km2 in 1959 to
1360.07km2 in 1996, and reached 2370.05km2 in 2006
accounting for approximately 40% of the watershed area.
Most of terraces in the Loess Plateau are level, which

changes the local microtopography and greatly reduces
the slope gradient. The creation of level terraces can
enhance infiltration and reduce or stop overland flow,
which can weaken the occurrence and transportation of
sediment. It was previously reported that the creation of
level terraces decreased the average runoff and sediment
load by 86.70% and 95.00% in the middle reaches of
Yellow River basin, respectively (Chen et al., 2004). The
ratio for maintaining runoff and sediment by level terraces
were found to be 3.8m3km�2 and 0.8 t km�2, respectively
(Miao et al., 2011). In the Yanhe watershed, the area of
level terraces in the upstream of the GHS significantly
increased substantially from 4.13 km2 in 1959 to
275.60 km2 in 1996, and reached 296.45 km2 in 2006.
Building check dams has been the most effective

measure to retain sediment (Xu et al., 2004). The effects
of check dams can be expressed by the area of land
created above them. The rate at which check dams
retaining sediment in the Loess Plateau was estimated to
be approximately 5.15–13.08×104 t hm�2 (Ran et al.,
2012). Moreover, previous work has shown that the check
dams reduced the catchment sediment yield by up to 77%
in the Rogativa catchment (Murcia, Spain) (Boix-Fayos
et al., 2007). Xu et al. (2013) estimated that the runoff
and sediment in the rainy reason were reduced by up to
28.9% and 85.5% due to check dams in the Yanhe
watershed, respectively. By the end of 2002, there were
7872 check dams including 57 large check dams and
7815 medium and small check dams in the Yanhe
watershed (Ran et al., 2012). The area created by check
dams in the upstream of the GHS increased from 4.62 km2

in 1959 to 41.67 km2 in 1996, and reached 49.5 km2 in
2006. There was 1554.5×106m3 of sedimentation behind
the check dams in 1996 (Wang et al., 2013).
Hydrol. Process. 30, 365–382 (2016)



Table IX. The temporal variations of sediment grain size
distribution at the hydrological station

Period

Sediment grain size distribution (%)

<0.025mm 0.025–0.05mm 0.05–0.1mm >0.1mm

1963–1979 40.4 29.9 21.4 8.3
1980–1989 43.8 31.5 19.0 5.6
1990–1996 47.5 29.2 17.7 5.6
1997–2006 54.8 24.7 14.4 6.1
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Gully prevention and control measures include the
establishment of grassed waterways and check dams with
drop structures, and no tillage, topsoil compaction,
doubling drilling and the establishment of grass and
shrub hedges were also typically used (Poesen et al.,
2003). These gully erosion control measures, which led to
sediment deposition and vegetation reestablishment,
create new hydraulic conditions to control runoff and
sediment evacuation (Nyssen et al., 2004). There were 43
key projects for gully control in the watershed up to 1996.
The control area and capacity of these projects were
approximately 3.0 km2 and 38.0×106m3, respectively.
Moreover, there was also 18.8 × 106m3 of sediment
accumulated due to the gully erosion control projects
since the 1980s (Wang et al., 2013).
In addition to the aforementioned soil and water

conversation measures, the construction of water control
projects such as reservoir also contributed to the reduction
in streamflow and sediment load. Three reservoirs were
constructed in the watershed in the 1970s with total storage
capacity of 224.6×106m3. These reservoirs provided
water for domestic water use and irrigation to fulfil the
increased demand for water resources caused by national
economic development. However, the terrible reservoir
siltation, though undesirable, has reduced sediment
discharge in the mainstream. The cumulative siltation in
1979, 1989 and 1997 were 62.58, 88.80 and
104.53×106m3, respectively (Ran et al., 2012). Accord-
ingly, the total siltation in the 1970s, 1980s and 1990s were
62.58, 26.22 and 15.73×106m3, respectively. The reser-
voir siltation began decreasing in the 1980s due to the
decreased erosion in the upstream area of the reservoirs.
The applied soil and water conservation measures not

only notably reduced the streamflow and sediment load,
but they also intercepted the coarse sand transport into the
river and made the sediment grain in the river
increasingly fine. As shown in Table IX, the percentage
of fine grains (<0.025mm) increased from 40.4% during
1963–1979 to 54.8% during 1997–2006, whereas the
coarse sand (>0.1mm) decreased from 8.3% to 6.1%.
This phenomenon was beneficial for reducing bed
aggradation and especially for mitigating the rise of the
riverbed along the lower reaches of the Yellow River.
It was generally accepted that soil and water conservation

measures played major roles in the reductions of runoff and
especially sediment load in the watersheds in the Loess
Plateau (Rustomji et al., 2008; Feng et al., 2012; Gao et al.,
2012). Rustomji et al. (2008) found that soil and water
conservation measures accounted for the majority (64% to
89%) of the reduction in annual sediment yield in most
catchments in the Coarse Sandy Hilly Catchments region.
Gao et al. (2012) indicated that the implementation of soil
and water conservation measures reduced the sediment
generation by 55.4% for seven catchments in the MRYRB
Copyright © 2015 John Wiley & Sons, Ltd.
since the GFG project. For the Yanhe watershed,Wang et al.
(2013) indicated that about 56 Mt of sediment was silted
annually from 1960–1999, which was larger than the amount
of sediment leaving the basin per year (41.05Mt). This was a
substantial indication that the soil and water conservation
measures had a significant impact on runoff and sediment
loss. This observation was consistent with our results.
The soil and water conservation measures started in the

1950s, and accelerated after the 1980s and grew rapidly
with the implementation of the GFG project. The progress
of measures construction resulted in that the annual
streamflow and sediment load gradually decreased since
1952 and declined abruptly in 1996. The soil and water
conservation measures reduced the conversion of rainfall
to runoff and increased soil water storage (Gao et al.,
2014). They significantly decreased the streamflow and
sediment during flood season especially in July and
August, and reduced the extreme daily hydrological
regime. As a result of soil water storage, there were no
significant seasonal trends in the dry season. Furthermore,
the soil and water conservation measures led to a
reduction in high-flow but increases in low-flow in daily
flow duration curves (Gao et al., 2014).

Further scopes of this study

The effects of intensive human activities on runoff and
sediment load varied during different stages, and the role
of each human activity changed with different temporal
scales. Furthermore, there were another four hydrological
stations (Ansai, Xinghe, Yan’an and Zaoyuan) in the
upper and middle reaches of the Yanhe watershed. Gao
et al. (2015) found that all the five stations experienced
evident reductions in streamflow and sediment load, but
the reduction became higher from upstream to the
midstream and downstream stations. The observation at
the Ganguyi station represented the streamflow and
sediment exported from the entire basin. The distribution
of hydrological changes and effects of human activities
among the watershed should be considered. In the future,
hydrological model simulations combined with more
detailed data will be used to demonstrate the streamflow
and sediment load changes on different temporal–spatial
Hydrol. Process. 30, 365–382 (2016)
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scales and detect the driving mechanism of human
activities and climate variability in a more precise way.

CONCLUSIONS

The annual precipitation in the Yanhe watershed exhibited
decreasing trend of �0.889mmyear�1 over the last
60 years, whereas the annual potential evapotranspiration
and aridity index increased by 0.478mmyear�1 and
0.001 year�1, respectively. However, no significant trends
were identified for these three climate variables. Both the
annual and flood season streamflow, sediment load,
sediment concentration and sediment coefficient exhibited
significant decreasing trends (p<0.01). A significant
negative trend (p<0.01) was detected for the flood season
runoff coefficient, whereas the decreasing trend of annual
value was not significant. The reductions in annual and
flood season streamflow and sediment were primarily
caused by the significant decreases during July–August.
The maximum daily streamflow, sediment load and
sediment concentration were all concentrated in July–
August and had significant decreasing trend (p<0.01).
However, the percentage of themaximum daily streamflow
and sediment load accounting for the annual total exhibited
non-significant decreasing and increasing trends, respec-
tively. Human activities contributed more than climate
variability to the reductions in streamflow (67.13% vs
32.87%) and sediment load (80.10% vs 19.90%). The
increase of precipitation did not result in any increase of
streamflow and sediment load during the post-change
period. Afforestation and check-dams were the most
effective soil and water conservation measures, which also
made the sediment grain finer. In general, the results of this
study indicated that there were close connections between
streamflow and sediment load changes on different
temporal scales. The soil and water conservation measures
contributed to reducing the total sediment yield by both
reducing runoff and also by impeding sediment mobility
within the landscape.
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